We investigate the use of distributed Bragg reflectors (DBRs) within triple-junction solar cells (TJSC) for spectrum splitting photovoltaics. An optical model of a lattice-matched (LM) GaInP/GaInAs/Ge TJSC with intermediate DBR is developed, in good agreement with measured reflectance. By modifying the DBR layer number, composition and thickness to broaden the reflectance band, we show that a DBR can provide suitable 900-1050 nm reflectance for spectrum splitting from the LM TJSC to a Si cell, resulting in a more efficient 4-junction receiver. For better practicality and cost effectiveness, we propose that the buffer layers in metamorphic (MM) TJSCs could additionally function as a DBR for spectrum splitting applications. We propose several DBR designs to achieve a suitable spectrumsplitting reflectance band from MM TJSCs to a Si cell, again resulting in a more efficient 4-junction receiver. Finally, we show that our intermediate DBR approach to spectrum splitting has the advantage of a greatly reduced angle-of-incidence dependence compared to a discrete dielectric filter.
Introduction
Spectrum splitting is recognized as an effective approach to improve photovoltaic conversion efficiencies. The concept was first introduced by Jackson to improve energy utilization by dividing the solar spectrum into several spectral bands and directing each band to a semiconductor with suitably matched bandgap [1] . Spectrum splitting is achieved by using dedicated optics such as dichroic filters or mirrors [2] , employing tandem solar cells consisting of a (monolithic or mechanical) stack of multiple semiconductors with decreasing bandgap [3, 4] , or a combination of both approaches [5] [6] [7] . The abovementioned discrete optical elements usually require complex and therefore expensive high-pass, low-pass or bandpass filters consisting of many dielectric layers, and even then the filter performance is not ideal. In this paper we investigate an alternative approach to spectrum splitting, namely, the integration of an intermediate distributed Bragg reflector (DBR) optimized to function as a suitable band-reflect filter in a triple-junction solar cell (TJSC). This integrated DBR approach could be implemented with little additional cost during manufacture of the TJSC, in contrast to the use of discrete dielectric filters.
Green et al. recently demonstrated world record conversion efficiencies using spectrum splitting for both concentrated (40.6% concentrator photovoltaic (CPV) submodule) and unconcentrated (34.5% 1-sun minimodule) sunlight [6, 8, 9] . This particular spectrum splitting diverts the 900-1050 nm spectral band from a lattice-matched (LM) TJSC to a Si cell by using a custom 150-layer dielectric bandpass or band-reflect filter, respectively. A possibly more cost-effective approach to such spectrum splitting is the integration of a suitable DBR within the TJSC during fabrication instead of a separate dielectric filter, Fig. 1 .
Fig. 1 Schematic of the spectrum splitting concept used in this work, in which we propose replacing the separate dielectric filter with an intermediate DBR.
A DBR is a periodic structure formed from multiple alternating layers of materials with different refractive index. A DBR can achieve nearly 100% reflectance over a specific wavelength range. Implemented in a solar cell, a DBR can reflect non-absorbed photons for an additional pass through the cell, allowing an increase in photocurrent and efficiency.
The first application of a DBR integrated into a solar cell was by Tobin et al. in 1991 for GaAs cells [10] . Fifteen periods of an Al0.1Ga0.9As/Al0.85Ga0.15As bilayer were deposited on the substrate prior to the active layers, leading to a 0.5-1.0 mA/cm 2 enhancement in shortcircuit current Jsc and 0.7% absolute gain in efficiency. In addition, a DBR in GaAs-on-Si tandem cells showed the potential benefit of reducing threading dislocation densities [10] .
Dimroth et al. used 10 periods of AlInAs/GaInAs bilayers in GaInP/GaInAs tandem cells to enhance optical absorption [11, 12] . Shvarts et al. employed a 12-period AlAs/GaAs DBR as a selective mirror in the base of AlGaAs/GaAs solar cells for space applications, demonstrating improved quantum efficiency as well as radiation stability [13] [14] [15] [16] . DBRs were used to enhance radiation stability and improve efficiency of monolithic multijunction solar cells by Azur Space [17] . Skachkov demonstrated that the radiation resistance of latticematched GaInP/GaInAs/Ge triple-junction cells was increased by more than 10% using an integrated Al0.1Ga0.9As/Al0.8Ga0.2As DBR, owing to a thinner middle subcell [18] . DBR structures have also been implemented in quantum well solar cells to enhance photocurrent [19, 20] . Independent of our work, NREL has recently published work on implementing DBRs within the compositionally graded buffers of metamorphic (MM) solar cells containing quantum wells to add functionality to the buffer to boost photocurrent [21] . When radiative recombination is dominant, a DBR can also improve open-circuit voltage Voc by enhancing photon recycling, i.e. by limiting the loss of re-emitted photons to absorption in the underlying layers or substrate [20, 22] . Enhanced photon recycling and Voc from a (non-DBR) back reflector contributed to Alta Devices efficiency records for a 1-sun singlejunction GaAs solar cell [23, 24] .
Shvarts et al. also successfully used a DBR in a spectrum-splitting photovoltaic receiver as a selective optical mirror to divert the otherwise wasted photons from the Ge subcell of a LM TJSC to a separate Si cell, thereby enhancing the efficiency of the overall receiver [25] .
Independently, in the present work we propose spectrum-splitting DBR designs for both lattice-matched (LM) GaInP (1.9 eV)/GaInAs (1.4 eV)/Ge (0.66 eV) and metamorphic (MM) GaInP (1.8 eV)/GaInAs (1.3 eV)/Ge (0.66 eV) TJSCs and model the benefits including higher overall (4-junction) receiver efficiency.
Optical model of a lattice-matched triple-junction solar cell with intermediate DBR
The state-of-the-art 1-sun terrestrial III-V on Ge TJSC is a 34.1% modified space cell, developed by Azur Space for solar car racing [26] . We measured the spectral specular reflectance of such a LM Ga0.51In0.49P/Ga0.99In0.01As/Ge TJSC using a Perkin-Elmer Lambda 1050 UV-Vis-NIR spectrophotometer with Universal Reflectance Accessory (URA) at the minimum (8°) angle of incidence (AOI). We developed an optical model of this TJSC by adapting published structures [25, 27, 28] [35] , with a rigid 20 meV shift to lower energy due to the 1% In content. These optical constants are shown in Fig. 2 .
Fig. 2 Complex refractive index of the (a, b) top, middle, bottom subcells and DBR layers, and (c, d) ARC layers and rear Al contact in the modelled LM TJSC.
A schematic of the modelled LM TJSC structure with the intermediate DBR is shown in Fig. 3 (a). The spectral specular reflectance is shown in Fig. 3(b) , showing a good fit between modelled and measured values. Our preliminary work was presented previously [8, 36, 37] .
The reflectance peak at 900 nm, which is around the band edge of the Ga0.99In0.01As middle subcell, is consistent with an intermediate DBR (16-bilayer Al0.2Ga0.8As (1.7eV)/Al0.8Ga0.2As (2.1eV)) located between the GaInAs middle and Ge bottom subcells [17, 18, 38, 39] ,
intended to reflect non-absorbed band edge photons back into the current-limiting GaInAs middle subcell to increase photocurrent without significant loss to the Ge subcell. [25, 27, 
Fig. 3 (a) Schematic of the LM TJSC structure (not to scale) adapted from Ref

28]. (b) Modelled and measured specular reflectance at 8 AOI of a LM TJSC with intermediate DBR (insert shows close-up at wavelengths of interest to spectrum splitting).
Design of an intermediate DBR for band-reflect spectrum splitting
The intermediate DBR in the LM TJSC already gives a substantial 900 nm reflectance peak at 45° angle of incidence (AOI) suited to spectrum splitting applications (see next section), Fig. 4 (a). To aid understanding and design, the spectral reflectance of the DBR on a
(b) (a)
GaAs substrate is modelled as well to reveal the 'bare' DBR reflectance (i.e. air interface, no overlying layers), Fig. 4(a) . In fact, the existing 900-nm reflectance feature was used in our first attempt at a spectrum-splitting prismatic minimodule, achieving 32.3% efficiency [40] .
For a LM TJSC, optimal spectrum splitting to a Si cell is achieved by diverting more of the near infrared (NIR) light away from the Ge subcell, ideally the whole 900-1050 nm spectral range, without reducing Jsc of the middle (current-limiting) subcell.
Assuming no change in the DBR bilayer materials and number of bilayers, a reasonably effective spectrum-splitting band-reflect filter designed for 45° AOI is modelled, with results shown in Fig. 4 (b). The 16 bilayers in the original design are divided into two sets of 8 bilayers to provide a broader reflection band, each set with a different bilayer thickness and hence reflectance band. However, with a reduced number of DBR bilayers covering the spectral range between 850-900 nm, this approach undermines the original DBR benefit of boosting the middle subcell photocurrent (see Table 1 , where the photocurrent of the middle subcell is reduced compared to the original TJSC).
In our next model, to retain the original function of the DBR whilst broadening the spectral reflectance region, Fig. 4(c) , an additional 16 bilayers are included. That is, the number of Bragg layers is increased from the original 16 to 32 (2×16) bilayers (i.e. from 32 to 64 layers). Note that in our design, reflectance for the additional 16-bilayer set is shifted to longer wavelengths to avoid the atmospheric absorption band around 950 nm, Fig. 4 
(c).
For a final model to improve the spectrum splitting DBR reflectance, Fig. 4(d) , we use triple the original number of DBR layers (i.e. 48 = 3×16). The additional sets of DBR bilayers progressively enhance the reflectance for spectrum splitting compared with the original design, Fig. 4(a) , (c), (d). For comparison, the figure also includes the modelled reflectance of the dielectric band-reflect filter we used in our 1-sun spectrum-splitting minimodule [8, 9, 41] (which happened to be designed for 30° AOI due to prism geometry).
The 48 (3×16) bilayer DBR design gives comparable performance to the discrete dielectric filter, Fig. 4 
(d).
Reflectance in the desired wavelength range can be further increased by using more Bragg layers and/or different alloy compositions with larger refractive index contrast, subject of course to practical and economic constraints. 
DBR designs on a 1-um thick GaAs substrate are included to show the 'bare' DBR reflectance range (without overlying layers). A dielectric filter (see main text and [42]) and an idealized pillbox band-reflect filter are shown for comparison.
The current densities and efficiencies of TJSC structures incorporating the different DBR designs as shown in Fig. 4 were modelled using Solcore [43] , a Python-based integrated optical and electrical modelling framework for solar cells. The optical part of the simulations, calculating the reflected power and depth-dependent absorption/generation rate, was carried out using the built-in transfer matrix method (TMM) optical model, using the same optical constants data which we used to fit the reflectance measurements. The external quantum efficiency (EQE) and light current-voltage (IV) characteristics were calculated using the depletion approximation [44] as implemented in Solcore. The EQE and efficiencies calculated for the TJSCs for normal incidence matched well with measured values provided by the manufacturer when 5% shading loss is assumed.
To simulate the performance of an integrated concentrator photovoltaic (CPV) receiver consisting of the LM TJSC and a Si cell, the reflectance and light IV characteristics of the different TJSC designs were calculated assuming an incident AM1.5D spectrum concentrated 800 incident at 45° AOI on the TJSC. Light reflected from the TJSC is incident normally on the Si cell, which is modelled on an Amonix concentrator cell [45, 46] .
The calculated subcell photocurrent densities of the LM TJSC for the various DBR designs described above are shown in Table 1 . We reoptimized the AR coating for the 45°
AOI of the spectrum-splitting receiver, nevertheless, the Jsc of the top and middle subcells in the LM TJSC at 45° AOI are very slightly reduced compared with 0° AOI because of higher front surface reflection at non-normal incidence. For 45° AOI, Jsc of top subcell is not affected by the various DBR designs. The Jsc of the middle subcell is lower for the 2×8
bilayer DBR due to the reduced number of DBR bilayers covering the spectral range 850-900 nm, as explained above. The better spectrum-splitting DBR designs have the desired effect of diverting photons away from the Ge bottom subcell without detriment to the top or currentlimiting middle subcells. The corresponding Si cell efficiencies and total receiver efficiencies show a clear increasing trend for the more advanced DBR designs. The 3×16 bilayer design comes closest to current matching conditions, but leaves a sensible margin above the limiting current to avoid the Ge subcell excessively reducing TJSC fill factor [47] . Fig. 5 shows the impact on EQE of changing from the original LM TJSC at 0° AOI to a (4-junction) spectrumsplitting receiver with LM TJSC at 45° AOI plus a Si cell to capture the reflected light. 
Fig. 5 Modelled EQE of (a) the original LM TJSC @ 0° AOI and (b) the 4-junction spectrum-splitting receiver consisting of the modified LM TJSC @ 45° AOI with optimized spectrum splitting DBR (3×16 bilayers) plus the Si cell.
Design of a spectrum-splitting DBR for metamorphic triple-junction solar cells
In addition to spectrum splitting for a LM TJSC to a Si solar cell, the intermediate DBR approach also has potential application to metamorphic (MM) TJSCs. MM TJSCs have a more ideal subcell bandgap combination and higher efficiency than LM TJSCs [48, 49] . A multilayer buffer structure is an essential part of MM TJSCs to overcome the high lattice mismatch between the Ge substrate and the two upper subcells. The buffer typically consists of several step-graded layers with increasing lattice constant, thereby relaxing lattice strains and confining dislocations to buffer layer interfaces. For example, the buffer in a 41% efficient MM Ga0.35In0.65P/Ga0.83In0.17As/Ge TJSC has a total thickness of 1.6 µm, consisting
(a) (b)
of eight 200-nm thick GaInAs layers with stepwise increasing indium content from 1% to (an overshooting) 20% [48, 49] .
The MM TJSC considered in this work is a Ga0.44In0.56P/Ga0.92In0.08As/Ge cell for CPV applications [49] and we assume a buffer consisting of eight GaInAs layers with stepwise increasing indium content from 1% to 8%, Fig. 6(a) . We developed a baseline optical model of the MM TJSC without DBR using refractive index data shown in Fig. 6(b) , resulting in the simulated reflectance shown in Fig. 6(c) . Given that the insertion of 'reverse-step' buffer layers with tensile strain in the common compressive step-graded buffer structure has proven to significantly reduce threading dislocation density [50] , we also considered the corresponding tensile/compressive DBR/buffer structures. The reflectance of these tensile/compressive structures is quite similar to that of the conventional step-graded buffer structures, therefore only the conventional stepgraded structures are presented in the following. To further increase the reflectance for spectrum splitting, the 8-trilayer DBR/buffer structure of Fig. 7(b) is combined with a 16-bilayer DBR, and the bilayer and trilayer thicknesses reoptimized, see Fig. 8(a) . The reflectance in the spectrum-splitting band is improved with the additional DBR, Fig. 8(c) . The spectral reflectance of the DBR on a GaAs substrate is also presented to show the 'bare' DBR reflectance (without overlying layers). To further enhance spectrum splitting reflectance, a 2×16 bilayer + 8-trilayer DBR/buffer structure is also modelled, Fig. 8(b) and (d), see Table 2 . efficiencies of all cells are calculated, see Table 2 . The AR coating is reoptimized for 45
AOI. For 45° AOI, the photocurrent density of the Ge bottom subcell is progressively reduced as expected due to reflecting/diverting the excess photocurrent with the additional DBR structures, while the top and middle subcells are not affected. The 2×16 bilayer DBR + 8-trilayer DBR/buffer structure provides the desired spectrum splitting between the MM TJSC and a Si solar cell and yields the highest overall efficiency. Fig. 9(a) shows the modelled EQE of the original MM TJSC, and the modelled EQE of MM TJSC with optimised spectrum splitting DBR/buffer with the effective EQE of an additional Si cell is shown in Fig. 9 (b). 
Angle of incidence response
A promising approach to concentrator photovoltaics (CPV) is the centralised power tower 'PV Ultra' technology being developed by Australian company RayGen Resources, consisting of a field of heliostats concentrating the sunlight to a single flat 1-m 2 array of TJSCs atop a mast, Fig. 10 [52, 53] . Given this single large receiver, it would be a relatively simple application for spectrum splitting from the TJ array to an additional array of Si cells, inset in Fig. 10 , as suggested by Green et al [6] . However, there is a broad distribution of angles of incidence (AOIs) on the receiver, which could limit the benefits of spectrum splitting using a dielectric filter (cover glass) due to the sensitivity of the latter to AOI. The proposed DBR approach, by contrast, exhibits a greatly reduced sensitivity to AOI. Using the Perkin-Elmer spectrophotometer with universal reflectance accessory (URA),
we measured the specular reflectance of the Azur Space 1-sun LM TJSC for incident angles ranging from 8-60° and determined the cut-on and cut-off wavelengths (defined as 50% of the reflectance maximum) of the narrow reflectance band at 900 nm, and found good agreement (within 1%) with our simulated values, Fig. 11 . The good agreement for the angular response of the TJSC validates the optical model and increases confidence in the subsequent spectrum-splitting DBR simulations. For comparison with the AOI dependence of the Bragg filter, we include AOI data for a representative high performance dielectric bandpass filter, namely the exact filter we used to achieve the 40% efficiency world record [54] . For AOI increasing from 0 to 80°, the cut-on and cut-off wavelength of the dielectric filter blue-shifted by a massive 160 nm and 211 nm respectively, whereas the DBR filter exhibits shifts of only 20 nm and 45 nm for LM TJSC and 37 nm and 41 nm for MM TJSC, respectively. The DBR filter therefore has a significant advantage over the dielectric filter when the incident light has a broad distribution of AOIs, which is the case for high concentration PV applications including RayGen's PV power tower system. 
Conclusion
We propose to modify the internal distributed Bragg reflector in lattice-matched triplejunction solar cells so that it acts as a band-reflect filter to divert otherwise wasted light (nominally 900-1050 nm) to a Si solar cell. A potentially cost-effective approach is also proposed to enhance the performance of metamorphic triple-junction solar cells by integrating a distributed Bragg reflector into the conventional buffer layer structure. The proposed structure reveals a promising way to achieve higher efficiency and more radiation tolerant metamorphic devices, with the option of spectrum splitting to separate devices. Our 
